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Over the past 25 years investigations of turbulent boundary layer (TBL)

noise have concentrated on measuring the spectral and cross-snectral proper-

ties of wall pressure fluctuations, i.e., pseudosound (D. Rlokhintzev, 'The

Acoustics of an Inhomogeneouts ?oving lVedium," NA'A Technical Memorandum
No. 1399 (1966).), utilizing turbulent flow on flat rlates and in nipes.
The pseudosonic pressure fluctuations and their induced vibrations are

referred to generically as flow noise, which is currently considered the
limiting factor in sonar performance. Proper design of sensors, the (Over) I
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use of arrays, the reduction in the sensitivity to flow-induced vibrations
have all decreased this noise. The measurement of the TBL pressure fluctu-
ation requires determining the spectral properties. The normalized fluctu-
ation power spectra versus Strouhal number is known to be constant out to a
nondimensional frequency f6*/U of 0.1; thereafter, for point-like transducers
the level decreases at a rate letween 9 and 12 dB per octave for noninter-
acting surfaces. Flexible surfaces are shown to influence the shapes of these
spectra, and data on the Kramer surface (M. Kramer, "Boundary Layer Stabiliza.
tion Distributed Damping," Journal of the Acoustical Society of America,
vol. 24, no. 6, 1957)) show a decrease in the spectral level and slope.
Earlier experimentalists concentrated on the measurement of longitudinal and
t ansversecorrelative properties of the TBL pressure fluctuati.v. This
document discusses the role of surface compliance on hydrodynamic noise and
is based on a review of theoretical and experimental flow-noise investigation.
Basic flow-noise theories are discussed in light of compliant surface boundary
conditions. A comprehensive review of the experimental results of compliant
surface flow-noise experiments is presented. Surface compliance can effect
the measured noise; however, the compliance of the surfaces used in previous
experiments was not adequately described. Consequently, results varied and
showed a marked, but undefined, temperature dependence. The characterizatibn
of the complex surface compliance is discussed, including effects of frequen)
and temperature. A method that characterizes surface compliance is denoted
and used to measure the properties of several mammalian tissues. Then a
discussion and a comparison of these results to the wavenumber spectra data
follows. An experimental investigation of the effect of surface compliance
on the. hydrodynamic noise.is propsed by.me s, of.measurement of material

properties, measurement of wall pressure fluctuation spectra, holographic
representation of the surface displacement, and characterilation of the TBL
boundary layer .to determine .the magnitude and role .A conplex surface compli-
ance of the TBL and its flow noise.
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HYDRODYNAMIC NOISE AND
SURFACE COMPLIANCE

INTRODUCTION

In the general sense, the term "flow noise" attributes the self-noise of a sonar
transducer to the nearfield turbulent boundary layer (TBL) flow noise
(pseudosound),' the flow-induced vibrations of the sensor and its surrounding
structure, and the acoustic component that is radiated to distant parts of the fluid.
At operational ship speeds, surface ship, submarine, and towed array sonar systems
are subject to potential performance limitations due to the noise from the turbulent
flow. Major advances in the reduction of self-noise have been achieved, and further
reductions may be possible if the nature of the TBL and its wall pressure fluc-
tuations can be altered.

The dolphin is characterized by a surface that is considered to have low
hydrodynamic drag, low flow noise, and an ability to delay the onset of TBL. These
effects may be a result of the viscoelastic properties of the blubber. Proper selection
of a viscoelastic surface for investigation that includes the properties of the
dolphin's blubber requires knowledge of the material's temperature and frequency
dependent viscoelastic properties. Whether such a compliant surface will
significantly reduce the self-noise depends on the effects of surface compliance in
the production of TBL flow noise. Thus, he basic questions that arise are

How does a compliant surface affect the TBL
and the production of flow noise?

What is the potential reduction in noise that can be
expected with a compliant surface?

What is the best way to characterize the
compliance of the surface?

Can a carefully controlled laboratory experiment
be conducted to demonstrate the differences between
rigid and compliant surfaces and the production of
flow noise?

These questions constitute the statement of the problem considered here.

This document includes a brief overview of the theoretical considerations
necessary to describe the effect of surface compliance on flow noise and a review of
previous measurements on rigid, flexible, and compliant surfaces. In addition, a
method is discussed that will characterize viscoelastic moduli of materials such as

,'/. ."' "." .'-.'-."'.-': -" - '' ' -'- '.''-''- " " -"."'"'" "-/ "' - -. .i " : "" "" ""-" ." • " • . " "
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dolphin's blubber. An experiment is also suggested to determine the role of surface
compliance in drag and noise reduction. This document's approach differs from
previous investigations, such as the work of Kramer, 2 insc~ar as the selection of
materials will be based on knowledge of the materials' properties supported by
measurements.

A BRIEF THEORETICAL OVERVIEW

The recognition of noise production by turbulent flow had its origin in the
nineteenth century and, not surprisingly, it was investigated by Rayleigh. However,
a theoretical description of the noise production is difficult due to the complex
nature of the turbulent flow field. More recently, the distinction between the
pseudosound field on the surface and the radiated acoustic problem has been in-
vestigated theoretically by several investigators. The radiated sound field has been

* . treated most notably by Lighthill, 3,4 Ffowcs-Wiiliams, 5-7 and Morse and Ingard.8

Ffowcs-Williams' 7 excellent review identifies five distinctly different theoretical
efforts to describe the radiated sound. These are Lighthill's acoustic analogy,
Liepmann's boundary layer fluctuation, Phillip's work on supersonics, the matched
asymptotic expansion technique developed independently by several investigators,
and finally Morefy's treatment of the energy balance equations in acoustics.

The Lighthill technique3.4 adopted by many including Ffowcs-Williams 5-7 is
based on the acoustic wave equation as derived from the principles of conservation
of mass and momentum, with the source term f(r,t) included on the right-hand side.
Thus, one finds

I 2Pa f + 3= +f(r,t),= 2  - =2  ax U...~
"at a t ax1  X iX

where the summation convention applies; Co is the acoustic propagation velocity
(m/s) and P is the acoustic pressure (N/m2). The right-hand side of this form of the
wave equation contains the monopole, dipole, and quadrupole source terms.

* Lighthil noted that the first term represents the mass fluctuation in a fixed region
(kg/m 3/s). Since mass is not created, this term can be shown to yield the volume
velocity source term, a monopole. The second term represents the divergence of the
external fluctuating forces fi(r,t) in Newtons, which represents a variation in
momentum; this term represents a dipole term. The final term represents the
gradient of the turbulent shear stress; in this form it represents a variation in
momentum efflux from a fixed region. The quadrupole nature of this term is readily
observed. The first two terms require a boundary while the third may be valid in
boundary-free regions. The Lighthill stress tensor is written as follows:

'rjUPVj + -Ti " viv i t,1j " " ai

The first term, Qvivj, represents the fluctuating shear stress associated with the
7. turbulent flow, whereas PlJ - Ci dj, represents the fluid stress tensor, including

viscous and heat conduction terms. Lighthill observed that only the first term of the

2
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stress tensor was pertinent ,.j the turbulent flow in the absence of boundaries.
Fourier transforming both sides for the wave equation yields

2 2V P + K2P =

the solution of which can be obtained by the Green's function technique as

rr[ an °0 ) an °  ]r
P (r) = vodVO f(ro) G(r,ro) +IdSG(rro) an - P.(r0  anr]

K0 00

where no is the coordinate direction normal to the surface SO.

Most theoretical solutions to the above equation describing the radiation from
turbulence assume outward propagating waves without surfaces that reflect, scatter,
or diffract. In this case, the surface integral vanishes, leaving the description of the

radiated pressure wave dependent solely on the form of f(r). In general, a
qualitative argument can be made for the form of f,(r). A local fluctuation in a
fluid will produce a local pressure variation of the order of V2 that acts as a
monopole source of sound and gives rise to a radiated power proportional to the
fourth power of the velocity fluctuation. In the absence of boundaries and net mass
transfer into and out of our volume, the monopole contribution from the volume
integral will be zero. Likewise, two point sources of opposite signs separated by a
short distance behave as a dipole and the pressure is d/A times the monopole
pressure, or the power is [(d/1)2 - V2/c2] times the monopole power. Thus, a
variation with the sixth power is realized. The presence of the dipole requires a finite
exchange of momentum. In the absence of external forces or boundaries, there will
be no net momentum transfer, and the volume integral of dipole terms will be zero.
Finally, in the absence of mass transfer into the volume and no net momentum
transfer, the remaining source term is the quadrupole term. The acoustic power
from the quadrupoles varies with velocity to the eighth power. In Lighthill's
model3 4 there is no net mass or divergence force transfer, so that the dipole and
monopole contributions are zero. Therefore, neglecting heat conduction and shear
stress effects, the source simply becomes the second derivative of the turbulent
stress tensor, as shown previously:

3)(i ax' ax i axj "

Thus, Lighthill's result 3.4 predicts the quadrupole character of the noise.

Ffowcs-Williams6 adopted the Lighthill technique3,4 but allowed a surface to be
present. He discusses the roles of the rigid surface, a pressure release surface, and a
compliant surface on the radiation of sound. His conclusion that the rigid surface
acts as a sounding board increasing the sound production is in agreement with the
results of Powell9 and Curie'0 that the pressure release surface does not enhance the
sound production. He concluded that for small deformations of a compliant surface
no increased radiation field would be observed but, rather, the result would be a
decreased magnitude of the surface images.

3
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The boundary condition for the rigid surface is simply stated by the
requirement that the particle velocity vanish at the surface; i.e., the a P,(ro)/ a no
terms equal zero. However, the pressure release surface requires that the pressure,
P.(r0 ), equals zero. For the real viscoelastic surface, continuity of pressure ind
velocity at the interface is required. Inclusion of the viscoelastic shear moduli also
requires consideration of tangential balances; a problem apparently not yet solved.

The relation of radiated noise to the dynamic hydrodynamic pressure is evident
if the wave equation before the acoustic approximation is written as follows:

2
a Pa OV iV j 2

:':a ax~

a - aXiaXj  - Vp

If the compressibility is considered to be zero, then the pressure field is described by

Sa 2 pV IV"! V2P =-~ a~a~

Fa ix ,ji

Thus, the pressure fluctuations are of the order QVj2 i.e., the hydrodynamic pressure
field. In a moving compressible fluid, therefore, there are both the pseudosonic and
the acoustic radiated pressure fields.

The discussion on the theoretical description of the role of surface compliance
in TBL flow noise can now be summarized by the requirement of a solution to the
oreviously described surface integral with realistic boundary conditions. Ffowcs-
William5 .6 has attempted to solve this problem for the acoustic field when the
boundary does not interfere with the flow. Several authors have tried to describe the
hydrodynamic problem as a point load on an elastic structure and, thereby, have
explained the resultant flow-induced vibration. A realistic treatment of the
pseudosonic problem has not been realized and, thus, there is no theoretical model
with which to assess the role of compliance.

The pseudosonic field has been treated by Kraichnan' 1-13 who showed that the
wall pressure fluctuations were influenced by the mean velocity gradient. Bat-
chelor 14 has also treated the case of this pseudosound within isotropic turbulence.
However, in all the work based on Kraichnan's results, the pseudosonic pressure
level was determined to be proportional to the square of velocity and to have space
and time properties similar to the turbulence itself.

A REVIEW OF EXPERIMENTAL WORK

Boundary layer flow noise investigations have resulted in the measurement of
the fundamental properties of wall pressure fluctuations and pseudosound from
TBL flows on rigid flat plates, pipes, and bodies of revolution. Several excellent
reviews by Fitzpatrick and Strasberg,15 Haddle and Skudrzyk,"6 Willmarth,17 and

F 4
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Ross' s are available on this subject. This article consolidates and presents a sum-
Iis mary of experimental evidence for turbulent flow on both rigid and compliant

surfaces. It draws heavily on previous experiments and reviews in order to present a
concise yet thorough overvie"0 of the wall pressure fluctuation measurements.

MEAN SQUARE PRESSURE MEASUREMENT

The mean square pressure has been measured on two-dimensional flat plates, 19-
26 in fully developed pipe flow,27 -34 and on solid bodies of revolution. 21.22,35-37 These
data are summarized in table 1 and show that the root mean square pressure (PRMS)

is between 0.97 to 3.24 times the wall shear stress. Wind tunnel data values, in many
instances, may indicate an underestimation of this ratio due to the problems ex-
perienced with low frequency effects (Willmarth20). Similar low frequency problems
may also be reflected in experimental results obtained with water tunnels due to the
necessity of filtering out low frequencies.

Ross18 observes that for all measurements in equilibrium boundary layers,
neglecting the effects of pressure gradients observed by Schloemer 31.32 and
Mugridge, 42 the following relationship adequately describes the measured results:

P RMS "' 3 - Cfq e' 0.O0q,

where

q - 1/ 2 p U2.

Ross' s also notes that turbulent pressure fluctuations are dependent on turbulence
levels that, in turn, are related to the hydrodynamic drag.through the wall shear
stress. This leads to the expectation that a decreasing drag would also be ac-
companied by a reduction in the pressure fluctuations. Furthermore, the Kraichnan
estimate,12 based on a rigid boundary and the interaction of the turbulence and
mean wall shear stress, reinforces this point. (Note that many of these earlier ex-
periments were performed without a great deal of attention to the properties of the
wall and the subsequent boundary conditions on the normal pressure gradient.)

The measured ratios of the PRMS to shear stress or to dynamic pressure are less
than the Kraichnan value. 12 This can be explained by the relatively large diameter
sensors [d/d" (table 1)] used in most experiments and the high pass filtering em-
ployed to eliminate spurious low frequency noise and electrical noise.

The relationship between PRMS and drag has been demonstrated by Kadykov
and Lyamshev. 43 They confirmed that the addition of dilute polymer solutions
reduces pressure fluctuations from 1 to 8 dB. This reduction in pressure fluctuation
level is related to the drag reduction first reported by Toms"4 and more recently by
Fabula,45 Van Driest, 46 and many others.

NONDIMENSIONAL WALL PRESSURE SPECTRA

One of the earliest reviews on the experimental measurement of wall pressure
spectra and its spatial correlation appears in the Proceedings of the Second Sym-

it ;-i;;. " " . . ... "
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Table 1. A Summary of Root Mean Square Pressure Measurements

PRMS/Tw P "Sq.X103 RE9 Uc/U 0. d/d* Reference
(x 1-3)

3.2 9.5 3.8 0.7-0.8 1.2 Harrison' 9

Wind Tunnel

5.8-6.5 80-250 0.7-0.8 VonWinkle &
Corcos28
Wind Tunnel

2.4-2.5 5.2-5.1 29-38 0.56-0.83 0.33 Willmarth &
2.64 5.61 Wooldridge24

Air Tunnel

1.21 (2.15-2.19) 1.21 (4.66-4.77) Wilimarth38

2.7 5-6 10-20 0.7-0.85 0.35 Bull & Willis 39

Water Tunnel

2.3-2.5 5.5-5.7 13-23 1.1 Willmarth40

Wind Tunnel

0.97 1.9 65 0.7-0.9 2.5 Skudrzyk &
Haddle21'22
Water

5.4-6 40-160 0.7-0.8 2.5 VonWinkle27

Air

4.0-5.6 100-300 0.65-0.95 0.39 Bakewell et al.30
Water Tunnel

2.66 5.0 38 Willmanth &
Roos4t

Air

2.2-2.7 5.5 7-35 0.825 0.30 BUi33
0.53-0.8 0.15-0.51

2.9-3.6 8.76-11.1 8.2-28 0.73-0.82 0.101 Blake34

6



TD 6607

posium on Naval Hydrodynamics. 19 During this symposium, Harrison 19 presented
his experimental results for a flat plate in a subsonic wind tunnel, and Skudrzyk and
Haddle 21 presented their results obtained on the surface of a rotating cylinder in the
Garfield Thomas Water Tunnel. Both papers presented detailed data and clear
analyses. Both experiments used sensors with a diameter-to-displacement boundary
layer thickness ratio (d/d*) between 1.2 and 2.5. However, a large unexplained
difference (factor of 5) is apparent in the two experimental determinations of the
ratio of PRMS to the dynamic pressure. Harrison 19 observed a nondimensional
spectrum with a 10 LOG (+(f)/Q 2U3d ) - -40 dB level that was flat to a frequency
fd/U. - 0.1. Although the observed spectral level decreased rapidly, no attempt
was made to compensate for transducer size. Harrison's result is consistent with the
data presented in figure 1, which shows the measurements by VonWinkle2 7 and a
lower bound determined by Haddle and Skudrzyk. 16 Data examined in this review
lie within these limits. Also shown in figure 1 are some measurements performed
on a body of revolution by Bakewell. 36

Possible reasons for the wide scatter in experimental results are uncontrolled
experimental parameters, differences in experimental design, and transducer size.
In earlier wind tunnel experiments, large low frequency energy densities (wod/U.. <
0.1, fd'/U, < 0.016), such as experienced by Willmarth and Wooldridge, 24 were
encountered. BakeweUl36 performed measurements in water on a body of revolution
for two different ranges of the ratio d/d6. For frequencies fd6/U. < 0.1, both sets of
data are in agreement. Above this frequency, the data diverge, with that for the
larger ratio d/d6 falling off more rapidly. Application of the Corcos47 correction
was found by Bakewei 36 to provide excellent data coalescence for all non-
dimensional frequencies, with any discrepancies being well within experimental
accuracy for the measurements of both spectral level and transducer response
characteristics.

Sometimes these spectra are found to peak slightly at 0.016 and decrease at the
higher frequencies as much as 9 to 12 dB per octave. Bakewell's corrected spectra 36

decrease at 9 dB per octave for dimensionless frequencies above 1.0. The Corcos
calculational technique has been confirmed by VonWinkle, 27 VonWinkle and
Corcos,2 8 Gilchrist and Strawderman,48 Lyamshev and Salosina, 49 and Geib. 50

Thus, the TBL noise spectrum for a rigid boundary is fairly flat at the lower
frequencies where transducer size effects may not be important. The considerable
scatter in experimental results is believed to be due to uncertainties and difficulties
in experimental measurement techniques. Haddle and Skudrzyk 16 show that at low
frequencies the spectrum is proportional to ,- 5.7 x 10"2Q2U3od. Thus, the low
frequency portion of the dimensional spectrum increases with boundary layer
thickness and with flow speed.

For the higher frequency region (-9 dB/octave region), Lyamshev and
Salosina 49 found that the pressure spectrum increases with the cube of the flow
speed, and the spectral density increases with the sixth power of flow. Finally, a
frequency is reached above which the integrated radiated noise from the boundary
layer competes with pseudosonic nearfield pressure. Haddle and Skudrzyk16 present
data that compare the relative importance of the radiated noise and pseudosound
with the inference that the radiated noise will dominate at the higher frequencies;
however, the importance of radiated noise at lower frequencies to the low
wavenumber spectrum should be emphasized.

7
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Figure 1. Dimensionless Wall Pressure Spectra As a Function of
Dimensionless Frequency



r.

TD 6607

CONVECTION VELOCITIES

The convection velocity associated with the lower frequency large scale tur-
-,* bulent eddies approaches the mean stream velocity (,V0.8U), as shown in figures 2

and 3 by Bakewell et al. 30 and in the earlier measurements by Harrison, 19

Willmarth, 51 and Von Winkle.27 The scale of the eddies becomes smaller with in-
creasing frequency and the convection velocity approaches 0.6U,. (figure 2). The
convection velocity is independent of Reynolds Number (Re) for fully developed
near-zero-gradient turbulent flows (figure 3). Thus, the evidence indicates that large
scale turbulence originates upstream and evolves into a range of scales that are

• convected past the hydrophone at a velocity between UC , 0.6 to 0.8U.. The
subsequent spectrum peaks at the wavenumber kc = co/U€.

Recently (see Bakewell and Lumley52) the role of Kline eddies53. 54 in the
generation of turbulence and flow noise has been recognized. 16.17.3 4. 5S KlineS3.54

showed that turbulence is characterized by streaks of low velocity fluid that are
* suddenly ejected from the viscous sublayer. The significance of this periodicity is

that in most of the measurements of wall pressure the sensors were too large to
resolve these eddies. Haddle and Skudrzyk" estimate that such resolution requires a
1-mm-diameter microphone for a flow of 11 Im/s in air; in water, since the
kinematic viscosity of water is 1/10 that of air, a 0.1-mm-diameter hydrophone is
required. Both Emmerling~s and Blake34 employed pinhole techniques to measure
these small scale pressure fluctuations. The dependence of measured root-mean-
square (rms) pressure fluctuations on the dimensionless transducer diameter is
shown in figure 4 (Emmerling5s).

Bull and Thomas% compared piezoelectric and pinhole microphone trans-

ducers and found that the PRM values observed by Blake - may be too large.

However, the combined pinhole and optical techniques developed by Emmerling55

and Dinkelacker et al.5 7 are consistent with Blake's results.? If Emmerling's data"s

are correct, then there is evidence that the small scale wall pressure fluctuations
scale with the shear velocity and wall shear stress. Secondly, the optical method
discussed by Dinkelacker et al.57 shows the progression of eddies with Uc ,- 0.76U.
and Kline eddies53,. with UC ,v 0.2U.. These studies suggest that a holographic
examination of compliant surfaces may be a valuable tool. As Haddle and
Skudrzyk i6 point out, these Kline eddies, owing to their small scale and intermittent
nature, can be expected to produce low frequency noise with high wavenumbers.
Because of this low frequency high wavenumber effect, hydrophone size can also be
important at low frequencies.

CROSS-SPECTRAL DENSITIES

Corcos4 7 proposed the following functional form for the cross-spectral density
of the fluctuating wall pressure:

rHw,w,) 0 (w)A(WC/Uc:)B(wn/Uc)eiW&/U C
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where r is the cross-spectral density for two sensors separated by the longitudinal
distance I and the transverse distance n. White53 suggested a more general form for
the cross-spectral density:

,4 r(u. .n) = C(U/U". c n/Uce 'f

Data obtained by Bakewe1 36 showed that the weak dependence of this C function
on 6od/U. can be neglected and that the separability C v A.B is valid for small
separation of sensors. Measurements of this function can be obtained either from a
normalized filtered correlation function or from an actual cross-spectral-density
measurement. Bakewel136 used the normalized filtered space-time correlation
method to demonstrate the separability of the C function. His results for the
longitudinal and transverse A and B functions, respectively, were in agreement with
Bull 25 and with Wilimarth and Wooldridge2 4

Schloemer 3 ,32 has also performed cross-spectral-density measurements in an
acoustically quiet water tunnel utilizing a fast Fourier transform (FFT) computer
routine. Figures 5 and 6 represent his results. The determination of the longitudinal
A function exhibits a downturn at (wa/UC nu 1.0), and above this value the deter-
mination agrees with Bull.2 This downturn in the data is due to coherent in-
terference of pump noise and is not a property of the flow field. Figure 6
(Schloemer59) shows excellent agreement with the results of Bakewei36 and
Willmarth and WooldridgeU for the lateral cross-spectral density. ihedeter-
mination of these cross-spectral density functions is subject to the same limitation
of transducer size with respect to the scales of the turbulence, as discussed earlier.

The large scale convective eddies produce a rather complex picture from a
statistical viewpoint. Figure 7 shows the wall pressure cross-correlation coefficent as
a function of time delay and longitudinal sensor separation as measured by
Willmarth and Wooldridge.24 The Corcos cross-power spectral density functions47

show the lateral and longitudinal coherent decay of the turbulent eddies. These
functions have been useful in compensating for finite transducer cancellation ef-
fects. This plot of the correlation coefficient shows a ridge of large pressure
correlations extending into the first quadrant and decaying in amplitude.Wiilmarth
and Wooldridge24 explain this ridge as due to the downstream convection of
pressure-producing eddies that lose their "identity" (coherence) with distance.

The trace of this correlative peak is not projected as a straight line in the x1 d,
TU./6" plane, but as a curved line. As the distance from the origin increases, the
slope of the projected ridge in the x, - plane increases. The slope of this projected
line can be considered as the convection velocity; for small sensor separation, this
velocity is smaller than for large separations, x,. Physically this indicates that the
small scale turbulence becomes incoherent in a shorter spatial time than does the
larger scale turbulence. Willmarth and Wooldridge24 further mention that large
scale d'sturbances extend farther from the wall where the mean velocity is greater;
and, consequently, these large scale eddies retain their coherence over longer
distances. This effect could be related to the Kline eddies533. 4 and measurements by
Emmerling.54
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An alternative method of viewing this convective energy is to consider the
wavenumber spectrum. The cross-spectral density is defined as

r(w,) -2S) fdt. R p(Xt)e -it

The spectral density of this cross-spectral density, r(co,v), is

where o is the Fourier conjugate of the temporal variable t, and k is the Fourier
conjugate of the spatial vector variable x. A representative wavenumber spectrum at
constant frequency (co) is shown in figure 8 (Haddle and Skudrzyk 16) illustrating the
sharp convective peak at wavenumber k = w/Uc, whereUc is the convective velocity.
Haddle and Skudrzyk 16 estimate that the decay lifetime of a large scale turbulent
eddy is 30d/UC, which is of the order of 1/30 s. This corresponds to a Af ev 30 and a
Ak = Aco/U € = 2n(30)/U c - 200/U., as shown in the figure. For a freestream
velocity U. = I lm/s and a frequency of f - 100 Hz, the wavenumber of the con-
vective peak wo/U¢ is approximately 95.2 m-1 , whereas the wavenumber for acoustic
propagation is 0.41 m-i. In principle the wavenumber spectrum provides separation
of radiated noise from convective TBL noise and, consequently, of the spectral
levels of the convective peak, P(kcw), and the radiated noise peak, P(k ( ko,€o).
Although such measurements are generally not simple, an example of the relative
contributions of radiated and convective energy is provided by Haddle and
Skudrzyk's 16 measurements at 42 knots on a body of revolution. These
measurements show that at 300 Hz the radiated noise level at the surface was 30 to
40 dB lower than the wall pressure fluctuation, whereas the two contributions
became equal at 1 kHz. (Note that bursts or Kline eddies5 3,54 for the case discussed
above are located far to the right of k€ at wavenumber kkAJ 628/(0.2)" (11) = 285 m-i
in figure 8.)

This concludes the brief overview of the spectral and cross-spectral properties
of TBL noise in flows on rigid surfaces that do not interact with the flow. The
discussion, while largely qualitative, has been based on the extensive body of ex-
perimental evidence available and further suggests that additional analytical and
experimental clarifications are necessary.

COMPLIANT SURFACE EXPERIMENTS

Several compliant-surface experiments have been performed as a result of the
work of Kramer 2 and Boggs and Tokita6° who were intrigued with the possible role

that the skin of the porpoises and whales has on the drag experienced by these
mammals. On the premise that reduction in drag could mean a reduction in noise,
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with a compliant surface on top of a rigid surface influencing the characteristics of
the TBL, VonWinkle 33 and VonWinkle and Barger 6' continued this work with a
material known as LAMIFLO,* "porpoise skin" coating. They observed that the
boundary layer was affected, that the pressure coefficient was an order of
magnitude lower, and that with the coating in place the overall power spectra of the
pressure fluctuations were reduced over a wide range of frequencies. The maximum
reductions were of the order of 25 dB. This work was followed by a Naval Un-
derwater Systems Center (NUSC) study conducted by G. Carey et al. 37 This study
concluded that within a 95-percent confidence limit the data showed the compliant
coatings to cause a frequency-dependent effect on the TBL noise. Noise reductions
ranged from only 4 to 13 dB. These experiments, conducted in a facility subject to
significant changes in water temperature, further provided definite evidence of the
importance of temperature on the effectiveness of the coatings.

The Soviets, particularly Babenko 62 and Babenko and Surkina, 63 have per-
formed exhaustive tests on dolphins to characterize their skins and the effects of
compliance on flow stability. This remarkable work can be summarized by noting
that rather complex sets of effects, not easily explained, were observed in the flow
noise experiments, flow stability experiments, and stability calculations.

Despite the exhaustive experiments conducted with compliant materials for
both drag and noise reduction, no single investigation has yet adequately described
the material properties as a function of frequency and temperature.

Figure 9 shows the experimental setup and test body schematic for VonWinkle
and Barger's 6' experiments that were conducted in a constant ter-erature facility
with a temperature-stabilized vehicle. The coated test body i. A a LAMIFLO
covering constructed from a soft natural rubber with support pedestals. The in-
tervening volume between the pedestals wa-,t oternatOX f ed with air, water, and
other fluids of different viscosities up to %OX centistokes for different data runs.
Monitor hydrophones fabricated from commercially available lead-zirconate
titanite were flush mounted with the surfaces of the coated and control test bodies.
The velocity time history of the test body was recorded during each free-fall of the
test vehicle, and the correspon-ling power spectra were obtained with a 1/3-octave
analyzer. Figure 10 shows the rms sound pressure level (SPL) as a function of
velocity obtained from hydrophone no. 2 for the control and coated body with two
different fluids. The reference line shows the relationship of rms pressure and
velocity for a pressure coefficient of 0.006, which is representative of fully
developed turbulent flow. These data indicate that, for the control body and the
LAMIFLO coating with air, the pressure coefficients are 0.0047 and 0.0054,
respectively, which are comparable to the reference case (0.006). The water-filled
LAMIFLO coating resulted in an order of magnitude reduction in the pressure
coefficient to a value of 0.00054. It can be seen that the pressures for both the
control body and the body with an air-filled coating are similar and close to those
representative of a fully developed TBL. The data for the case of the water-filled
coating, however, indicate that pressures representative of a normal TBL are never
reached over the test velocity range. Whether this is at least in part a result of a
downstream shift or delay in transition is not known.

In figure I I the frequency spectra of the wall pressure fluctuations obtained
with the hydrophone at location no. 2 are shown for the uncoateJ body and both the

U.S. Rubber Co. trademark. 19
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water- and air-filled coatings. The difference in pressure coefficients for these three
cases was noted in figure 10. These coefficients were computed at the terminal
velocity of the body. The power spectrum for the uncoated control body with a
pressure coefficient of 0.0058 in figure 11 exhibits a general shape representative of
power spectra measured by Willmarth, 20 Harrison,' 9 and others' 6 for the ThL. The

* spectrum for the water-filled LAMIFLO coating exhibits a distinctly different
shape, as well as markedly lower levels of wall pressure fluctuations. The maximum

*! pressure reduction occurs near I kHz. (It is interesting to note that the wavelength in
a pressure pattern passing the hydrophone at the terminal velocity that corresponds

;I to this frequency is about equal to the wavelength of unstable pressures, as
predicted by the Schlicting stability theory.) Although tests were conducted with
fluids of other viscosity within the coating, no noise reductions greater than those
shown in figure I l for the water-filled coating were obtained.

An experiment utilizing a free-falling streamlined body of revolution was
conducted by Carey et al. 37 to evaluate the effects of three compliant coatings on
TBL wall pressure fluctuations. Data obtained from the coated vehicles showed
considerably more variation in rms pressure levels than that for the uncoated
control or reference vehicle. This variation, which could not be explained by ex-
perimental errors alone, necessitated a statistical treatment of the data. Within a 95-
percent confidence limit, the data indicated that the compliant coatings did result in
a frequency-dependent change in the TBL wall pressure fluctuations. On one oc-
casion, the maximum noise reduction reached 13 dB, but the 95-percent confidence
interval between coated and uncoated cases never separated by more than 4 dB in
the frequency band from 2 to 5 kHz. These data on different coatings further
illustrated a complex temperature dependence evidenced by an average decrease in
the rms pressure level of 0.5 dB per degree Fahrenheit temperature increase within
the temperature range of 390 to 690 F. This temperature dependence of the
measured wall pressure fluctuations is believed to be attributable to the tem-
perature-dependent moduli of the coating.

In summary, reductions in the measured flow noise on a compliant surface
have been observed for both the LAMIFLO material and other solid coatings. The
measured pressure coefficients noted were as much as an order of magnitude lower
than those observed in a fully developed turbulent flow on uncoated control bodies.
The reductions in noise were not, however, systematic and further exhibited a
complex temperature dependence that was not fully characterized. Nevertheless, the
power spectra of the wall pressure fluctuations with coatings in place were found to
be reduced to a varying degree over a relatively wide band of frequencies.

PRELIMINARY MATERIAL MEASUREMENT

The TBL wall pressure fluctuations have been discussed in terms of both
spectra and spatial correlative properties. An example of the TBL wall pressure
spectrum is shown in figure 11 to extend over a range of frequencies up to 10 kHz. It
is precisely over this same frequency range that the properties of compliant
materials should be characterized for definitive determination of their effect on the
TBL. The basic criterion for the characterization of a viscoelastic material is the
knowledge of 36 viscoelastic coefficients. For isotropic materials, 24 become zero
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and the remainder are expressed in terms of two basic constants, the Lame's con-
stants. These two constants, in turn, can be described by any two of the three
standard moduli: The Bulk, Shear, and Young's Moduli. For rubberlike materials,
where Poisson's ratio approaches 0.5, only one modulus is required to characterize
the material, and the experimental determination of the complex Young's or Shear
modulus as a function of frequency and temperature will meet the need for com-
plaint surface studies. Several reviews on the dynamic measurement of viscoelastic
properties, such as those by Cramer,64 Solarek, 65 and Carey, Doolittle, et al.,66 are
available and, hence, will not be discussed in this document.

An extensively used technique for measuring the complex dynamical
mechanical Shear modulus is the Fitzgerald apparatus introduced by Fitzgerald and
Ferry67 at the University of Wisconsin in 1953. The instrument is capable of ab-
solute calibration and yields measurement with an accuracy of :t 2 percent. The
apparatus is versatile, and has been widely used by Professor Fitzgerald and many
others. Its operating frequency is given as 10 to 5000 Hz, and sample temperature
control is possible over a wide range of temperatures. Samples of materials from a
soft gel to a hard glassy solid with dimensions of up to 1/4 in. thick and I in. in
diameter can be tested. Typically strains from 10- 3 to 10- 6 are employed.

Before the characterization of dolphin's blubber, several other compliant
materials had been characterized, using this Fitzgerald apparatus, to determine the
complex shear compliance (defined as the reciprocal complex Shear modulus (J =
V - iJ" I/G)) and loss tangent shown, respectively, in figures 12 and 13. The
complex shear compliance of pork-belly fat (PBF) was measured at room tem-
perature over a frequency range of 50 to 2500 Hz. The average "dead time" of the
specimen was 3 hours. Results obtained with this material are compared to those for
honey (HON), natural rubber stock (NRS), polyvinylchloride (PVC), polyurethane
rubber (PUR), and beef-belly fat (BBF) in figures 12 and 13. At 100 Hz the PBF is
approximately 1500 times as compliant as BBF or, alternately, the BBF is 1500
times stiffer than PBF. Since the pig's teats are distributed along the belly, the fat
samples may be representative of the mammary gland fat. It is currently expected
that the BBF properties more closely resemble the properties of dolphin's blubber
than the PBF properties.

Referring to figure 12, the elastic compliance component, J', for PBF has a
value of ^j 32.0 x 10-6 cm 2/dyne at 50 Hz, a value of ,v 27.5 x 10-6 cm 2/dyne at 100
Hz, and has decreased to 1 11.0 x 10-6 cm2/dyne at 500 Hz. By contrast, the loss of
the viscous compliance component, J' ', starts from a value of , 6 x 10.6 cm2/dyne
at 50 Hz, increases to a peak value of ^- 15 x 10-6 cm2/dyne at 150 Hz, and then
decreases to a value of ,, 6 x 106 cm2/dyne at 500 Hz, which is representative of a
relaxation.

Note that the general shapes of the compliance curves as functions of frequency
for both the PBF and the BBF are substantially the same except for the frequency
displacement; i.e., J" (PBF) shows a peak at , 250 Hz and J' (BBF) shows a peak
at ,v, 2500 Hz. The shapes of these curves imply relaxation dispersions in the
vicinities of the peak frequencies.

Further examination of the results for the two fats in figure 13 shows that the
shear loss tangent, tan d - 3' '/J', for PBF has a value of ,' 0.20 at 50 Hz and
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' 0.85 at 250 Hz. At higher frequencies, the loss tangent decreases, reaching a value
of %, 0.55 at 500 Hz. The loss tangent curve for BBF has the same general shape as
that for PBF, although the peak occurs at the higher frequency of , 300 Hz and as a
lower value of ,v 0.45. Compared to PBF results, the relaxation peak appears to be
somewhat broader for BBF. Throughout the frequency range of 50 to 500 Hz, the
loss tangent (which is equal to the reciprocal of the mechanical Q) of PBF is at least
10 dB higher than that for BBF.

I, As shown in figures 12 and 13, PUR has complex compliance with loss tangent
values that are reasonably close to those of BBF throughout the frequency ranges.
However, the complex compliance of a lightly vulcanized NRS is considerably
different from that for either of the fats, as can be seen in figure 12. The ' for NRS

V is nearly independent of frequency, with a value of ,v 1.5 X 10-7 cm2/dyne that is
intermediate between the values for the two fats. The J" increases, more-or-less
uniformly, from a value of ,- 8 x 10-9 cm 2/dyne at 100 Hz to ,% 7 x 10-' cm 2/dyne at
2500 Hz.

Throughout the frequency range of 50 to about 2000 Hz, the loss tangent for
NRS, as shown in figure 13, is somewhat lower than those for both BBF and PUR,
and then becomes slightly larger at higher frequencies reaching a value of ,e, 0.5 at
5000 Hz.

Another material of interest shown in figure 12 is a polyvinylchloride (10%)
dimethylthianthrene (90%) gel (PVG). It has a complex compliance that is much
higher than the BBF, but still only about 1/10 that of PBF. The loss tangent, shown
in figure 13, for PVG, however, is exceptionally high, being over 1.0 for much of
the frequency range and reaching a value of nearly 2.0 at 2500 Hz.

Finally, for comparison, the loss compliance, J ", for HON is also shown as a
function of frequency. It will be recalled that the complex viscosity is defined by

and (1)

In this case, HON is a classic Newtonian viscous liquid with essentially no elastic
component (' - a*, or G' = 0). It can be seen that at *, 100 Hz the J'' for both
HON and PBF are equal, but at higher frequencies PBF is considerably more
compliant (*u 10 x) than even HON!

In summary, complex shear compliance data have been obtained with the
Fitzgerald apparatus on materials spanning 5 orders of magnitude. Materials from
HON to PBF have been characterized as a precursor to the measurement of the
properties of dolphin's blubber. The measurements performed on two mammalian
tissues, BBF and PBF, show a characteristic frequency-dependent loss tangent
curve. The PBF is ,-, 1500 times more compliant, and the characteristic loss tangent
relaxation peak value of 0.85 occurs at a frequency of 250 as compared to the BBF
peak value of 0.45, which occurs at a frequency of 3000 Hz. Thus, the use of the
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Fitzgerald apparatus in determining the complex properties of live mammalian
tissues has been demonstrated. The next logical step is the application of this
technique to determine the properties of dolphin's blubber.

PROPOSED EXPERIMENT

Central to the theme of this document is the question "What role does surface
compliance play in reducing drag, hydrodynamic noise, and radiated noise " This is
not a simple question to answer and this document has attempted to highlight the
need for an interdisciplinary approach to the problem. Although the experimental
compliant surface investigations discussed in this review are noteworthy, the
material selections were intuitive and the material properties of the surfaces were
not characterized. The irreproducibility of the experimental results attest to this
fact. With the proper material selection and characterization, the results can be
clarified.

MATERIAL MEASUREMENT REQUIREMENTS

The characterization of the dynamic mechanical properties requires a
knowledge of the temperature-frequency dependent complex shear moduli. Also,
the measurement of the properties of dolphin's blubber necessitates consideration
of the dead time of the blubber. With the Fitzgerald apparatus the complex shear
compliance of the dolphin's blubber should be determined over the frequency range
of 10 to 5000 Hz and over a temperature range of 00 to 30*C. These mechanical
properties of the dolphin's blubber need to be interpreted and characterized as a
function of time after removal (from the dolphin) and extrapolated to zero dead
time. The sound velocity, density, and the acoustic impedance should be measured
over the 00 to 300 C temperature range. The determination of the dynamic
properties of dolphin's blubber will form a baseline set of parameters for the
comparison, selection, and synthesis of compliant materials for use in TBL studies.
Use of shear compliance values of 1/2, 1, and 2 times the measured value of the
dolphin's blubber shear compliance and loss tangent values of 1/2, 1, and 2 times
the measured loss tangent value would result in nine independent materials for
investigation. These nine materials would include the value nature has chosen for
the dolphin. Because it is well known that polymer chemists can tailor materials to
desired mechanical properties, it is proposed to synthesize materials having these
dynamic properties that closely match and encompass the measured values for the
dolphin's blubber. These materials shall serve as a basis for the assessment of the
role of surface compliance on noise.

FLOW EXPERIMENT

The TBL noise would be measured in an acoustically quiet water tunnel witha

known noise background such as the facility at the New London Laboratory of
NUSC.68 Holographic and laser Doppler techniques should be used to characterize
the TBL and the surface motion. For each of the nine materials, a holographic
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"- representation of the surface, a laser Doppler characterization of the TBL, and

acoustic spectra would be realized. These measurements would be performed under
carefully controlled but varied temperature conditions. In particular, the role of
surface compliance on the reduction of drag and noise will be evaluated. Possible
delay in the onset of turbulence, the decay of fully developed turbulence, and the
magnitude of the acoustic wavenumber spectra as a function of surface compliance
will be established. The result of such an experiment will be a definitive and rare set

' of data for TBL on compliant surfaces whose properties are known and encompass
a wide range of compliances.

*, . The water tunnel facility at the New London Laboratory (figures 14 and 15,
SchloemerS') was specifically designed for TBL noise studies. Particular con-
sideration in the design phase was given to providing acoustic isolation of the test
section to minimize acoustic contamination caused by the circulating machinery.
Centerline velocities from 9 to 48 knots are achievable in the 3.5-in. inside diameter
pipe test section. An alternate rectangular test section with a 4 in. x 12 in. cross-
section and a working length of 90 in. can be used over a range of velocities up to 11
knots (Schloemer 59). Water temperature is controllable over a normal range of 600
to 850 F. This facility is ideally suited for conducting carefully controlled ex-
periments to provide detailed measurements of the TBL noise in the presence of a
compliant surface.

Measurements of the fluctuating pressure field characteristics on the wall in the
absence of a compliant surface have been extensively investigated with typical flush-
mounted piezoelectric ceramic probe hydrophones. In figure 16 (Schloemer 9) the
typical wall pressure spectral density is shown for both high (18.0 ft/s) and low
(11.4 ft/s) flow speeds. Also shown are the corresponding acoustic background
noise spectra measured with no flow through the rectangular section; the flow is
diverted through the alternate circular section, with the machinery operating at the
speeds corresponding to those used for the measurements in the rectangular section.
Nondimensionalized wall pressure spectra were found (Schloemer59) to correspond
closely with data obtained in other experiments. Convection velocity data, which
are shown in figure 3, exhibit a typical behavior for fully developed TBL flow, as do
the normalized magnitudes of the longitudinal and lateral cross-spectral densities,
which are shown in figures 6 and 7, respectively. While several attempts have been
made in other facilities to identify the wavenumber spectral composition of the wall
pressure fluctuations, this has not been done for this facility.

Advanced hydrophone technology that has been under development at the New
London Laboratory for several years offers the promise of sensors with improved
sensitivity and resolution characteristics. Currently being developed are small
flexural disk ceramics and both thin and thick film polymers that can be used to
provide hydrophones with electrical and physical properties appropriate for TBL
studies. Additionally, such hydrophones could be of a low profile design that would
enhance the ability to obtain measurements on and within compliant layers with a
minimum of disruptive effects on the layer in the immediate vicinity of the sensor.

Basic measurements of the TBL wall pressure fluctuations dominated by
energy at the convective wavenumber will be accomplished by utilizing small flush-
mounted probe hydrophones, as shown schematically in figure 17. Autospectral
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data will permit direct comparison of the convective wavenumber studies with
earlier results obtained on bodies of revolution. Appropriate geometric
arrangement of several sensors providing selected longitudinal and transverse
sensor separation distances will permit detailed cross-spectral analysis of the spatial
characteristics of the TBL wall pressure field. Comparison of measurements of
various compliant surfaces with a noncompliant surface will be used to quantify
and characterize achievable TBL noise reduction. These results will further be
compared with results of other drag reduction experiments to note any common
physical phenomenon, len~th scale, etc., that could provide insight into a
mechanism for energy dissipation or redistribution. Selection of the specific
compliant surfaces for test will be directed by the materials study under this
program, although an attempt will be made to include coatings similar to those used
in earlier investigations. The initial studies will be conducted in the rectangular test
section of the water tunnel at the New London Laboratory, with the compliant
material mounted on the lower wall of the test section; this wall serves as a liner for
control of the pressure gradient and is easily removed or replaced. Based on an
analysis of these results, consideration will be given to the possible need for higher
speed tests that might be conducted in the 3.5-in, inside diameter pipe flow section
or, following the installation of a higher speed pump, in the rectangular section.

In many practical situations, a structure's response to turbulent flow is
maximum at wavenumbers well below the convective range. Measurements of low
wavenumber energy for noncompliant surfaces are of basic importance to flow
induced noise estimates. Similar measurement for compliant coatings could permit
calculating anticipated reductions in flow induced sonar self-noise. Other drag
reduction schemes that reduced wall shear stress (rw) and convective TEL wall
pressure fluctuations (PI (0) have also shown dramatic effects on sonar self-noise.
This result suggests that low wavenumber energy, as well as convective energy, may
have been altered, although no measurements at the low wavenumbers have yet
been made in noise-reduced flows.

In addition to using film sensors and flush-mounted hydrophones, acceleration
levels will be measured at each test condition. Fluid temperature will be carefully
controlled at selected constant values. Double-pulse holography, a technique
developed extensively at the NUSC New London Laboratory, will be employed to
effectively "freeze" the motion of the compliant surface. Figure 17 illustrates the
optical window that will be used in performance of such measurements. The
resultant holograms will be compared to companion velocity-surface motion
characterization experiments performed at the NUSC Newport Laboratory water
tunnel. This tunnel is equipped with a laser Doppler velocimeter (LDV) and a dye
ejection system. The LDV can easily be used to measure velocity profiles and
turbulence spectra at any point in the test section.

The planned experiments that have been discussed above are intended not to
provide detailed design information but, rather, to quantify the potential of
compliant surfaces for Naval noise reduction and determine the value of further
efforts in this area.
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SUMMARYI.
-- This document has reviewed the properties of TBL wall pressure fluctuations.

Experimental determination of the power spectra, correlative properties, convection
velocities, and wavenumber spectra were summarized. Transducer size effects were
discussed as being important at high frequencies and also at low frequencies due to
the pressure of the Kline eddies. It was concluded that complete representation of
the flow noise spectrum would require a determination of the power as a function of
both frequency and wavenumber.

The published data reviewed here suggest that the low wavenumber region of
the spectrum includes a component contribution due to the radiated noise that
varies in importance as a function of frequency. The high wavenumber region above
the convective wavenumber quite likely contains a frequency dependent con-
tribution associated with Kline eddies that should be most pronounced at the lower
frequencies. For midrange frequencies, the TBL spectrum has been experimentally

* characterized largely in terms of the convective wavenumber contribution.
However, complete characterization of this spectrum has not been accomplished.

Additionally, this review attempts to highlight the importance of charac-
terization of material properties and suggests a viable technique for determing the
complex shear modulus of candidate materials. This review further found that
experimental results in noise and drag reduction experiments with compliant sur-
faces were varied and generally unreproducible. Most probably this variation of
experimental results is due to inadequate knowledge of the temperature- and
frequency-dependent moduli of the viscoelastic materials tested. A definitive ex-
periment that considers the flow field, the material properties of the surface, the
radiated noise field, and the pseudosonic field has been proposed to quantify the
role surface compliance plays in the production of TBL noise.
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